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The work describod in tht report wao conducted during ithe Wriol

I Januiry 1976 through 30 Sqvtlq77 under tho Office of Naval Research

Contract N00014-76-C-016,'he prpost, of this Iinestigiattion is to

study and develop noa-destructiv, simple, and rapid mt hols fot mt, a'irin,

the structural and dynamic proprties of ferroolectric cermici )We hn (,

propoyed"optical modulation techniqtes, particularly electric fitld midla'-!

transmission and reflectivitv wh+el have been shown to be poerful toil-

for investigating the electronic properties of solids. By modlating an

internal parameter such ai electric field (electroreflectance and

electrotransmissIon) it is possible to obtain derivat ive-like e nhance-

ments of optical structures related to Interband tramsItions. The spectra

obtained are sharper, more precise and have more structure than tho'ie

produced by conventional optical techniques.

We present in Section I[ characterization of transparent PLUT

ceramics b,, modulated optical spectroscopA -4-n Section 1It 4h-i-es ,.

electroreflectance study of opaque PZ'' ceramics4 - ,' : '. ' '

An important- result of the present study (Section IT) is that it is

possible, using these techniques, to follow the growTh of the polarizatio:

with time during poling and its reversal during low field switching.

Oscillation observed in the electroreflectance spectra ,f 1122 arc in-

terpreted in terms of space charge effects, and the analvsis ,ie 'i a'

upper bo'.ind for the remanent polariz.a ion wtuich is goo.i a ,,rtemv n with

the result of a dielectric hvsteresis meas;urement The re.ults of

opaque, insulating P/'I' ceramics (Sect ion T[T) con-stitot, tht, first

observation o r hysteresis in thest, materials by optical means au,1

demonstrate the potential value or this metloi in studies ,f tilt ;witching

and aging of ceramics.
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11. Characterization of Transparent PLZT by Modulated Opticil
Spectroscopy

I. Introduction

Although modulation techniques have been widely used to study
i-:i

the electronic band structure of solids, their application to

ferroelectrics has been very limited, and no studies of ferrp-

electric ceramics have been reported. The substantial recent inter-

est in the optical and electro-optical properties of transparent,

lanthanum-doped lead zirconate/lead titanate (PI2T) ceramics

has led us to consider the possibility that valuable information

concerning the electronic and optical properties of these materials

could be obtained using the techniques of electrotransmission (ET)

and electroreflectance (ER), in which an externally applied electric

field is used to modulate the optical constants of the material, and

changes in the absorption (ET) or reflectivitv (ER) are measured.

2. Experimental

In this work we have used the techniques of Schottky barrier

ER (SBER) as well as electrolyte ER (ELER) to investigate the properties

of PLZT ceramic material. The experimental techniques of SBER and EIYR
1-3

have been described in the literature. A block diagram of the ER

meaqurements is shown in Fig. 1.

Hot-pressed lanthanium doped lead zirconate-titanate ceramics,

PLZT with relatively high transparancy were obtained from llonetevwl Inc. via

the Naval Research Laboratory. Much of this work was

2
done with reduced samples 10 x 10 t= , with thickness typically

0.24 mm . The transparent gold films of 70 100 thick weret

evaporated on one or both sample surfaces. Th' reduction of th'

PL7T platelets could be obtained by annealing at 650 0 C in a hvirog,'n

stream for 4 hours.
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Electrical connections were made to the evaporated gold electroles

with small drop of high temperature conductive epoxy and I mil teflon

coated silver wire. The reduced samples had resistivity on the order of

3.3 x 108 ohm-cm.Electric fields of up to 104 V/cm were used. Electri-

cally, the gold seemed to act as a blocking, non-ohmic contact, so

that the field was applied across only a small surface layer of PULT.

The samples were mounted on copper blocks with a hole. The hole an-i

quartz windows allowed the reflected (transmitted) light to pass into

a phototube. The copper blocks were held in a high temperature fur-

nace in which the sample was kept in vacuum. For high temperature

region, most measurements were taken up to transition temperature

(--230'C).

3. Experimental results and discussions

a. Electrotransmission

We have measured ET in lanthanum doped lead zirconate-titanate ceramics

(PIZT) from 300 to 500K in the wavelength range 1.2 "- 3.6 eV

for the case of the polLng direction of the ferroelectric ceramic

perpendicular to the electric field vector of the light. The ex-

perimental results for measurements under dc bias are shown in

Figs. 2 and 3. We have observed remarkable changes when 3c

electric field was applied to samples of rhombohedral PUT ceramics

of the composition 7/65/35. This material lies relatively clc'

to the morphotropic (rhombohedral-tetragonal) phase boundary. In

the course of these measurements, sign changes were observed in

the signal produced by electrically poled samples. In addition,

ET lineshape changed during poling. After reversing the electric

4U
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field, we observed that the 7/65/35 ceramic sample was first

deo._ed_ with a change in sign of the ET signal ani then re e d

to saturation. The dependence of these changes could describe

quantitatively the characteristics of domain wall motions in

rhombohedral ceramics. Experimental results for the time depten.i-

ence under applied dc bias are shown in Fig. 2, In this caq i,

the effect on the bias is large and easy to observe. Wh:-n

3.45 x 103 V/cm field was applied on the electrically poled q.mpc,

the sign and amplitud .? of signal was changed, and after 60 m'n-ites,

spectrum (2) was obtained without dc bias. Subsequently the ph-i-;

of the ac modulation was changed by reversing electrodes on th:,

sample. By reversing the dc electric field E = 2.15 x 103 V/cm,

the sample was depoled 3t the first stage (spectrum 4) ani the r.-

poled. With E = 3.45 x 103 V/cm, spectrum (5) w obtained an-

after 8 minutes its signal wi; incrva'ed ab '-ut 2T (spectrum 6).

Th ? subsequent measurements with higher electric field, are Rh.)w;

in Fig . 3. The most significant features of the time depeni-,n.oe

of the optical signal could be unlersto.1A on the basis of domain

wall motions.

Since thc, magnitude of the electrotransmission spectrum appear.

to be proportional to the spontaneou. polariz.ition, wo have meaa-ur,..,

electrotransmlssion up to the tran!;ItIon tempcrature an-i on therm.111v

depoled samples. For 7/65/35 compo. ition, the elctrotransmission

signal decreased with increading temperature up to 230')('. I.wvr,

some residual signal could h,, obi;ervwd noar the transition, .Inl I i -,

in the thermally depoled sample, even though the ,ignil bocome mtch

smaller when the sample is cvcled through the tran.iti ,:u toenper, '

u+



According to differential thermal analysis of 6/65/35 PLZT by Keve

and Bye 7, the rhombohedral-cubic transition occurs at 182"C with

a relatively small hysteresis on cooling. Hence, the transition

temperature of our 7/65/35 sample was expected to be clo:;e to 180°C.

However, in our results shown in Fig. 4 the transition temperature

would appear to be over 230 C. We have taken hystereses loop measure-

ments a3 a function of temperature which yielded a nearly identical

transition temperature. Since the physical properties of our sample

may depenJ on the source and preparation technique, our samples may

differ from those used by Keve and Bye.

b. Electroreflectance

We have also obtained ER spectra of 7/65/35 PLZT in the photon

energy range 1.3 - 4.3 eV, at temperatures from 30,0 to 500K, ano

under various poling conditions. Fig. 5 sh)ws the ER spvctru:n

at roam temperature of a thermally depOled ;ample, Essentially

i the same spectrum was obtained above the Curie temperature, but

an increase in 3mplitude of about 60/ was observed a the smpl e

cooled to room temperature. A sharp peak at 3.8 eV occurs at an

energy corresponding roughly to the lowest dirtct band gap:; in

other perovskites , but it is very sharp (full width at half

maximum of 160 tneV) as any ER peak observed in a perovskito or

transition-metal oxide.

In studying the effects of poling on the ER spectra we haive

concentrated on the largo' feature n'ar 3.8 eV. In th , following

discussion a dc biaq or poiling voltago' will be termed po;ition if

the front surface of the sample, at which thc ER is m-,ailred, i

- .t~~~za2:&x2
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positive with respect to the back surface. When a positive dc

bias is applied to the sample, no change in the ER spectrum,

other than an approximately 50% increase in intere;ity, is noted

until 120V is reached. Then the sharp peak initially at 3.8 eV

shifts suddenly to shorter wavelength (4.0 eV), its width increased

substantially, and a series of oscillations appears, extending

from 3.6 eV to at least 2.0 eV. (Fig. 6) Rem :ing th- .ic bia-;

at this point causes n3 change in the spectrum other than i slight

shift in the positions of the oscillations. If the dc bias is in-

creased further to 200V, ono obtains the spectrum in Figirc 7,

where the peak, now located at 4.1 eV, has broadened still m.)re and

the oscillations have shifted slightly. Remnjing the de hias n),i

results in a spectrum essentially the same as that obtained bv rt-

moving the field after poling to 120V. If a negativw dc bias i

now applied, n) major change:, arte seen until a bia; :f -33V iH

reached. At this valtago the oscillatlon:; disappear abruptly ani

a broad backgrourd emerges, beginning near 2.95 eV and extenling

beyoni 1.57 eV (see Fig,6 ).

As a first step toward understanding the, poling ef ftcts,

we have performed a quantitntiv n, tvsis of thc

oscillations observed for positive dc bias. Our working hvplthctis

is that these o.cillations are interference fringes proh iHcl. hv

the superpo:;ition of light reflectd from th., fr,)n, sot rft.t 4 t th

sample with the reflection from the back of th,, cpict ,-charg,' 1ts.'r,

Since our sample has been male semi conducting h% rcd-w t ion an I is

covered by an evaporated gold film, thore ex ist4 ,at tht, qU f ,-, ,i

space-charge layer of thickn.-ss d given (in the limit of ftil 1

depletion) by

..... .... . ... .. ......
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2 eV

where c is the static dielectric constant, V is the voltage drop

across the space-charge layer, e is the electronic charge, an-] N

is the free-carrier concentration in the bulk. Th.2 vol tag,-

V =V + V is the sum of the externally applied voltage V
ext tnt ex t

and the internal voltage V1 nt produced by tha difference in wo-rk

function between the metal and th:, ferro,-lectric (surface barrier)

and by the remanent polarization of the ferroelectric. Since the'

carrier concentration in the space-chargL' laver differ-, from thalt

in th?, bulk, the layver also has a refractive index Ii ffervrnt from

that of the bulk, and light can be reflected from lte ba)undar . of

the layer. If w,? make th,'e crud., appr-oximation -)f representing the

space-charge, layer by a slab -)f dielectric of thicknzss- d in which

tha real part of the refract ive index nr di ffer,. from th3 t in the

bul1k, then interference, fringos (reflec ti on M3X iMJ) iccir at Waivt-

lengths Xgive~n by

2n d n",(2

where n is any p.ositive integ r. If this interprotation is co)rr'Ct,

the max ima in the spectrum should he equal lv .;paced in onorgv (in-

verge wivelength) with a sepiration O2n d1) Exactlv this btehavior
r

is fount in all of our sptectral which exhibit Mcil 1latotln. Fig- it

showi the po i t ions (in ener gv) oif t 1w max imai in tit. spectCrnm 'f .1



8

sample whicia was poled at +120V and meaiured at zero bias plotte.1 a.;

a function of the fringe number n, with n arbitrarily set equal to

one for the lowest-'energv maximum abserved. Assuming a refractive

index of n r 1.5, the fringe spacing gives d Im, which is3 not

untypical of a ;emiconductor

More d~tailed information can *be obtainod by measuring the

fringe spacing a;; a functioi efteaple vlat V *Eqo o

(1) can b.. re-written 3-;

22
d d d 0+ AV t (3)

2
where A E /(2"L-N) ani d AV.in is the space-charg,, laver thick(-

ness for zero applied voltago. Fitting the maxima in the spectra

of FLgs. 6 ani 7 give3 values for d of 1.15 win with V~ ex equal

to +120V and +20OV, respectively. USing equaItion (3) to fini I-

and A, Ane obtain V =n 33V. Assuming a static Hieectric con.tant

of approxima.tely 1503 f,), 7/65/35 PLZT at room temperature givc; a

19 3
carrier concentration N -~ 2 X 10 /cm .Finillv, if V inis -~uni

to arise entirely from the remanent polartz.,tio.i P of theC cr,1 -Ii L

rr

betwe!en the metal anJ ferroel'ctrl c (which ha,; n )t y,,t hetn moant'A

will reduc' our value- of Pr and prohahi v hr ing it i nto ;t ill hott-

agreemont with the value- P r- 31 w.c/cm' from lhv~tvr(- i.-

loop meaiuremunts on this sample. It is imp-arta:nt to' n~tt that
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this technique not only provides a rapid and accurate measurem-ent of

I,,but does so without reversing the polarization and so altering

the domain structure during the measurement as is the case with

hysteresis loop measurements. We hope to exploit this fact to gather

more detailed information about domain structure ani the process

of domain switching than can b? obtained from convential techniqie;.
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Figure CAptions

Fiur' 1 , Illock dianram of exporlm',ntal arrangement used for

oltrotransmssion ,nl electroreflectance measurementns,

Figure 2. Elecvtrotransmission 3pectra of 7/65/35 PLZT which sh'

chang in electrotransmission line shape during pf1 ing,

ant reverse polaritv at T = 303K.

(1) E m 3.45 x 103 V/cm

(2) sm.' as (1) but after 60 min. The same sp.,ctrm iL

obtalned it zero bia,

(3) sume, as (2) but with sample leads reversed ani zL, r.,

bias

(4) E 2.0 x 103 VluIcm

(5) F 3.45 x 103 V/cm

(6) s'r-.' as (5) but aft,'r 8 min, later.

Figurt 3. Eloctrotransmission .;p,,ctr:i of 7/65/35 PL' T unicr hight.r

dc biaq showing tim ie p.,nien-.c anl ph.qe change .lrinL t

poling and reverse p l;irit\ -it T= 3))K.

(1) sam., as (6) of Figure 4 but ifter 6 nin.

(2) 4.29 x 10 V/cm
3

(3) E = 5,83 x 10 V/cm

(4) same as (3) but zero hi,;

(5) sqmr... as (4) bt with s:iple leads reverscJi

(6) E = 2.0 x 103 V/cm

(7) E = 3,45 x 103 V/cm

Figure 4, Comparison of tcmp,,rnture Jep n.ien ' Iif Il'c t I,t r I-

mission 'n hystere.is li i in';i-ureimn.s if 7!i:u '

PLZT up to tran.-it ion temper;itort.

Figure 5. El 'ctr,1rtflect an:'( sp,ctrt'i if therm.illv ,iipolci

7/65/35 PIZ T,

Figure 6. nlectrorifl'lctancl spt-ctrtm of 7/65/3i I'I ' il,

20V ,ic m i)til ,it i o an 1 +1 20V tic hi;,;

Figure 7. Same as (6) but with 200V dc bias,

- jv
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Figure 8. Energy (inverse wavelength) of interference fring

maxima in ER spectrum measured at zero dc bias after

poling at +120V.
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I-. Electroreflectance of ,a'ue PZT -.eramics

I Introduction
Our aim has been to study and develop non-destructive, simple

and rapid methods for determining the structural and dynamic properties

of ferroelectric ceramics. Optical modulation techniques, particularly

electric field modulated transmission and reflectivity, were employed

since these methods have been shown to be pcrerful tools for investiga-

te ir1-3
ring the electronic properties of solids. By modulating an internal

parameter such as electric field it is possible to obtain derivative-

like structures related to interband transitions and hence to gain information

concerning the electronic and structural properties of the material.
4

In a previous report we have presented detailed electrotransmission

" (ET) and limited electroreflectance (ER) studies *of lead zirconate/lead

titanate (PZT) ceramics, which permitted 6s to inake preliminary obser-

vations concerning the dynamics of poling and aging. Using certain

characteristic features of the ET spectrum which we found to be sensitive

I to the degree of poling, we could follow the growth rate of the polariza-

tion as a function of time during poling and also study polarization

reversal (switching). Most of this early work was carried out on initiallk,

transparent, lanthanum-doped (PIZT) samples which had been reduced in a

hydrogen atmosphere in order to mrake them sem!-cnnd'jtt_&. In t roa-

work we show that neither high density (transparency) nor conductivitV is

necessary for the success of optical modulation techniques: our results

were obtained using insulating PZT samples which required no special

preparation other than the evaporation of semi-transparent metal

electrodes.

In this report we describe an investigation of the ER spectrum

associited with the lowest direct optical transition a- a function of

applied electric field, both ac an] dc , as well as time and temperature. We

have found that the amplitude and sign of the FR sign-l is a function

of the state of polarization of the sample and follows a hysteresis
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loop similar to the conventional D-E hysteresis loops found in

dielectric measurements. This represents the first observation by

optical techniques of hysteresis in opaque ceramics ani hence

opens up new avenues of exploration. As a first step in this direction

we have used this technique to follow the growth of the polarization

during polirLg and its reversal during switching.

In order to confirm the relation between the ER hysteresis

loop and conventional polarization measurements, pyroelectric

studies were made using infrared light pulses. Preliminary measure-

ments suggest an equivalence between the pyroelectric coefficient

(which is linearly proportional to remanant polarization) and the

amplitude and sign of the ER signal.

An effort was made to observe the switching pulses produced

4 by polarization reversal but the long switching times resulted in

currents too small to measure accurately.
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2. Experimental Approach

In this investigation we have used the technique of Schottky

barrier ER (SBER) to investigate the properties of P(L)ZT ceramic

materials. The experimental technique of SBER has been described

1-3
in the literature.

In electric field modulation the application of a periodically

varying electric field changes the optical dielectric response of

the solid, and a periodic variati'n in absorption or reflectivity can

be observed. Electric field modulation is fundamentally different

from other modulation techniques in that the perturbation term for the

electric field is not lattice periodic: it represents a net force that

accelerates the electron and therefore completely destroys the translational

symmetry of the crystal in the field direction. Electric field modulation

(either reflection or transmission) produces sharp structure In the region

of inter-band transitions. The sharpness of this structure and its

dependence on the electric field (both ac and dc) can yield valuable

1-3
information concerning the material 3

. In general)electric field

modulation has been studied most extensively on the diamond, zincblende

and wurtzlte (DZW) semiconductors although some work has been done on

oxide semiconductors,

The techrique was originally develored to inventigate optical

structure associated with Interband electronic transitions at

critical points in the Brillouln zone. More recently the method his

also been utilized to study surface field (i.e. band bending effects)

1-3as well as surface states . The optical structure of ferroelectric

oxides is substantially different from those of the DZW semicondtictorm.

For example, structure in the reflectance of a ferroelectric shifts markedly
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when the material is cooled through its Curie temperature. This

indicates that the spontaneous polarization causes band structure

effects resulting in the change of the reflectance spectrum.

Similar reflectance changes are to be expected when an external

field modulates the alignment of the dipoles. Large effects have

indeed been observed in the ER of perovskite ferroelectrics such

as BaTiO 3, KaTaO3 , KNbO3 ,and SrTi03. Reflectance changes of up

to 45% are distributed over the spectral scale in broad, continuous

bands of either sign. Magnitude and lineshape suggest a mechanism

other than the Franz-Keldysh effect (electric-field modulation of

critical points). This suggests that ER of ferroelectrics Is

probably not a critical point phenomenon. The relative displacement

of the oxygen and metal sublattices responsible for the ferroelectric

properties are probably the main cause for the ER optical effect as

well. The displacement changes the overlap integrals between pairs

1
which affects the band structure . Our work represents a departure

from previous studies in that we have utilized ER to investigate the

internal fields produced in ferroelectrics by the spontaneous polariza-

tion ani by space charge effects.

--J fIA h Zi' h S. ~ ** ~ ,~,*:.j*-***



I" our expeitments a metal (Au) film is evaporated onto the

front oufac.o of the sampl" in order to apply the electric field

Wtcih modulatoa the optical dielectric constants of the material

a well a aloWtr& a dQ voltage Lo be imposed. We have studied

samplva in which the back contact was (a) also a Au contact or

(b) a conducting contact made with Viking metal (n liqui, -illov of HE,,

T), nind Tn m1lif A ctur' bv EImit Cnrp. , Mnur I r, .ew, I t,)

In the pesent experimants, the ER measurem-jnts were carrieJ

out with a system including a Xenon lamp, monochromator, focusing

an-i collecting lenses, photoaultiplier and the appropriate detection

electronics. A block diagram of this equipment is shown in Figure I.

Tho lIRht fromn Xenon arc lam? is passed through the Heath m)nochromat,,r

(Model EU-703-56), ani focuqed on the sample surface

The Rc m~iulating voltage (530 Hz) is applied by means of an

audio oscillator which also pro~ides the reference signal for the

lo:k-in amplifier. A dc voltage can be superimp3sed onto the ac

voltage by m-an3 of the, dc control. The reflected light Is collectcd

by a len. and focused onto a Hamamatsu S-20 response photomultipl ier.

The light detected by the photoiriltiplier contains twl signls: a

dc signil proportional to the average reflectivitv R an an ac

signal which is proportional to the m dulated reflectivit% AR.

The dc output from the photo-nultiplier is connecteo to a servo power ,,rL

which varies the high voltage on the photomultiplier so a, to 'keep

the dc output constant. Uni r these conditionq th. output from the

lock-in amplifier, which goes to a qtrip-chart rccordhr

synchronized with tht, sp:ctron.tvr scans, is proportionil to AN 'N.

Hot pressed 1% Nb2 0 doped PZT ceramics were obtained from

B. Jaffe, Vernitron Pieznelectric Div., Cleveland, Ohio.. All of this

.. ...... .....

II" ,
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work was done without reduction. After samples were lapped anl

optically polished, a transparent Au film of 70 - 100 A thickness

was evaporated on one or both surfaces of the ceramic plates.

Therefore a metal-insulator-metal (MIM) geometry was used, and the

electric field vector E of the light was perpendicular to the

polarization of the ceramic. The completed

samples had a resistance over 20ML, and were lx1O mm' in dimension

with thickness about 0.1 - 0.3 mm.

4. Experimental Results

We have measured ER spectra of 1% Nb-doped lead zirconate/

lead titanate ceramics of the compositions

Pb. 9 3 (Zr 5 6Ti.44) . 9 7 6 Nb.0 2 4 0 3 , (56/44)

Pb 9 8 (Zr Ti ' Nb 0 (52/48)
98 .52. .896 024 3'

and

Pb 9 3 (Zr 4 9 5 Ti 5 0 5 ) 9 7 6 Nb .0243 (49.5/50.5).

These materials lie relatively close to the morphotropic (rhombohedral-

tetragon31) phase boundary. For example, 56/44 -- 1 wt% Nb2 05 an

49.5/50.5 - 1% Nb2 samples lie in the rhombohedral and tetragonal phases

respectively, and 52/48 - 1% Nb205 lies very close to the phase houn-i-
52

ary at room temperature 5 Shown in Fig. 2 is the ER spectrum (if 52/48 17T cerarmic

at room temperature in the vicinity of the funiamental gap (305 nm). For ts

sample both front and hack electrOres r tr Av,, thc t r-Tt e ettro'e ,

semitransparent (- 7 0-100o ). In studving the efftcts of poling on the FR

spectra we have concentrated on the sign and magnitude of the largt, featur,,

near 305 nm. In the following discussion a dc poling voltage will he termed

......
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positive if the front surface of the sample, at which the ER is measured,

is positive with respect to the back surface.

We have observed dramatic changes of the magnitude and sign 
of

the ER signal as a function of applied dc voltage. Shown in Fig. 3

are some experimental results for 52/48 PZT with different applied

dc fields ani an ac madulating field (530 Hz) of 3kv/cm. The

fields mentioned in this report were determined by dividing the

applied voltage (either ac or dc) by the thickness of the sample.

Thus the assumption was made that the applied field is uniform across tie

sample ir-4 not confined to a Surface (space charge) regior as ii. te somi-

conducting samples studied previously. The ER signal of a

virgin sample was first measured with no applied dc field

(point A in Fig. 3). The sample was then partially poled by

applying a field of + 4.0 kV/cm, and after approximately 15 minutes

the ER signal was measurLd (point B in Fig. 3). The ER signal

increased somewhat in magnitude but its sign remained unchanged.

The material was then switched incrementally from + 4.0 kV/cm

to - 7.5 kV/cm, the ER spectrum being measured at each step indicate) :'v t~v

open circles (path 2). At - 7.5 kV/cm (point C) the sign of the R sp-ril

had reversed. The dc field was now changed incrementallv from - 7.5 kv/cm

to + 8.0 kV/cm (path 3), the ER signal changing in magnitude and sign as

inlicated. The sample was then cycled around a complete hvsteresis loop

(paths 4 and 5) and the saturation fields were foulld to he + 8.0 kV'/cm and

- 8.0 kV/cm. Figure 3 clearlv shows that the ER signal follows the rem inctt

polarization of the ceramic and can be used to measure that polarizati i

without reversing it as is necessary in convent iona hvst eres is mea'ur meiit ,

Al though the ac modulating f ield does have some impact on the measrem' II

it will be shown in the next section that this effect can he taken into

account.

LC i, ,



28

Although the ER hysteresis loop of a freshly poled sample is

quite symmetric (see Fig. 3), we have observed that a very sub-

stantial asymmetry develops with time. A similar effect has been

observed in transparent PLZT ceramics and attributed to space charge
-g 6

effects. Although a detailed study of this behavior is still in

progress, the phenomenon itself is clearly evident in the data

obtained in two studies of hysteresis and switching reported below.

In order to examine the time dependence of polarization reversal

during switching, we have measured the ER signal of a sample of

52/48 PZT as a function of time after the application of a dc field

of the appropriate polarity to cause switching. The sample used

had been poled several days previously by the application of field

whose polarity was positive according to the sign convention

described above. At the start of each switching measurement the

sample was again poled for 30 min. at a field of +8 kV/cm. First,

in order to observe switching toward the original poling direction,

the sample polarization was reversed by the application of a field

of -8 kV/cm for 30 min. A switching field of +8 kV/cm was then

applied and the ER signal measured as a function of time. The

results are shown as curve (A) in Fig. 4. Switching away from the

original poling direction was then studied by the application of a

field of -8 kV/cm to a sample which had been poled as Indicated abovc,

The time dependence of the ER signal is given by curve (B) in Fig. .

It is clear from these results that when switching is toward thL.

original poling direction (A) it proceeds much more rapidly than

when the polarization is being switched away from the original poling

direction (B). This is consistent with the findings on ind

we have begun a series of experiments aimed at determining how tliV; 4
A, - u
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asymmetry develops as a function of tine after poling.

Despite the appearance of the curves in Fig, 1A, Lhe polariza-

tion reversal during switching does not proceed exponentially. This

can be seen clearly in Fig. 5 where the polarization reversal for

several applied fields has been plotted in the form log (AR/R) vs.

time. The lack of any linear region in these curves rules out an

exponential time dependence. The three sets of data shown in Fig. 5

were taken on freshly poled samples and correspond to: (1) instantane.us

reversal of the applied field from +8 kV/cm to -8 kV/cm, as in curve

(B) of Fig. 4; (2) gradual reduction of the field from +8 kV/cm to

zero over several minutes followed by the instantaneous application

of -3 kV/cm; and (3) gradual reduction of the field as in (2) followed

by the application of -4 kV/cm. Not surprisingly, the results of

measurements (1) and (2) are virtually identical. It is interesting

to note how dramatically the switching tim- increases as the field

strength is reduced: at -8 kV/cm the switching tim.-e (10" to 907

reversal) is about 10s, while at -4 kV/cm it is greater than 200s.

This suggests that the "linear resistance" region, in which the

switching current (inversely proportional to the switching time)

varies linearly with the field , has not been reached, at leazt at

the smaller field. An exponential dependence of switching tim. ,ii

7
field is to be expected at low fields , and measurements are in progrt,.s

to determine whether this if the case.

A search of the literaturc ha. failed to reveal any th,',,rvt i1t

descr.ption of the switching process capable of predicting polarization

as a function time for compari son with experimental data of tvpe shown

in Figs. 4 and 5. However, since, it Is customary In studie.s of the

aging of ceramics to plot changes In dielectric or piezoelectric

Ll .
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properties as funcrions of the logarithm of the time since poling

(a linear dependence on log t is found in most cases), we made

similar plots of our switching data. Figure 6 shows the data of

Fig. 5 re-plotted in the form AR/R vs. log t. The linear dependenc,

on log t of measurement (3), obtained with a switching field of

-4 kV/cm, is quite striking. Several measurements using switching

voltages of magnitude less than 4 kV/cm indicate that as the

switching voltage is reduced the linear dependence of taW/R on lng t

is preserved while the slope of curve becomes very small. This

suggests that as the switching field approaches zero the processes

of switching and aging become experimentally indistinguishable. It

is obviously important from a theoretical point of view to determine-

whether the switching rate, when extrapolated to zero applied field,

agrees with the aging rate of the remanent polarization (or plezo-

electric coupling factor) as determined by other methods.

A second and more detailed study of the ER hysteresis was

undertaken in order to understand as fully as possible the dependence

of the ER signal on both ac and dc applied fields. Samples of 56/44

PZT, which lies in the rhombohedral phase, were used for this work

after it was verified that this material exhibits ER hvsteresi s Ioops

similar to those seen in the tetragonal phase. Figures 7-11 show the

hysteresis loops obtained on a sample of thickness 1.010 X 10 cm

using various ac modulation fields at a frequency of 530 1k, . A: tlt,

amplitude of the ac modulation is increased, three maj or changes c;ln

be seen in the ER hysteresis loops: (1) the amplitud, of the ER si gn:il

at saturation polarization increases so that th loop expand: vertic'llv;

¢ .,
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(2) the app~Irott coercive f told devroages mo that tho loop slit i A

horiaontally; and (3) the loop hoeomos more attymnitric with Lht,

coercive field corrosponding to the otiginal poling direction

(positive) decroasinR more rapidly than tt €oorcivo fiold for

switching in Othe opposite direction.

The first of these effects can he analvzod with thv aid of

Fig. 12, which shows the maximum (saturated) value of 4R/R as a functioN

of the ac modulation amplitude. The linear dependence seen In this

figure can be understood in the following way, Derivative-liku

modulation methods other than ER (eg. piezoroflectanice, thermo-

reflectance, or wavelength modulation) are linear in the applied

modulating parameter. In contrast, ER is generall not linear hut

higher order in the electric field since electric field produces

an additional, effect, the acceleration of thc ,t-on (or hole)

' which amplifies the signal by the reciprocal of the reduced mass

in the field direction. This produces a signil which is generally

like a higher-order derivative. However, in the oxides the effective

mass is generally very large (0 1) and hence this latter effect is

suppressed . Therefore, in the oxides one would expect the ER signal

10
to be like a first-derivative. In fact, Yacohv and Naveh have

measured thermnreflectance and el.e,'troreflectance spectra in SrTiO 3 and

have shown that these spectra are similar to each other and irt, :1].,

similar to the wavelength derivative of the optical constants.

The apparent decrease in coercive f eld when the ER hysteresi s

loop is measured with progressively larger ac modulation is most

probably due to the depolarizing effect of the ac field itself. This

hypothesis is supported by the data shown in Fig. 13, where the average.
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Offcts(f of ashyttry have boo rei.av@d by thiA Avora'satg, tho relati1o-

1htp otWO10 vcir, ivo fhold AM madulation amplitudo i Cloa'ly ltntar

with no hystorvis ohaorvahle for mo dulAtona exodinAi 10 kV/m in1 an

oxrap.1atod c vorcive field of 8 kV/Qm 4t soro modulation,

Tlht growing asvmlivtry of tho hysteresis loops shown in FiRs. 7-11

Oa proalv nat duv to the ncrviasng ac modulation but rathor to the

patage of titim an'il tht resulting devvlopmqnt of a spaee-charae field

as described above. The m.asurementa were performed over a period of

two ;ovks and in order of increasing tAc modulation. Measurments,

noo in progress, of the asymliptry as a function of time after poling

will determine whether the observed asv'nnetrv can be accounted for

in this way.

In order to confirm that the ER results are compatible with other

mensurements of the dielectric hysteresis, we have studied the pyro-

electric coefficient of a 52/48 pZT ceramic sample as a furction of

applied dc field. When a poled sample in the form of a parallel-

plate capacitor is subjected to a temperature change ani a low-

impedance path is provided between the two electrodes, a current I

will flo.4 In the external circuit given by

I 'A =
cit dT dt '

where A is the electrode area, t is the time and T is the temperature.

The pyroelectric coefficient p is defined as

p =- dP/ d'



In1 order to avoid spurious currents produced by tho irrvorsthll,

rlease of charge injecved during poling or by the decay of slpac

charge built up during aging, a dynmtc moasuremont tochnLqut, was

used in which the sample was exposed to chopped infrared radiation,

Since th@ sample was alternately heated and cooled, ani only tht,

current which changed sign at the chopping frequency was measurtd,

the true reversible pyroelectric current was obtained. Details of
12

the matho.l employed can be found in the literature.

Samples of 52/48 PZT ceramic of area 4 x 4 mm were polishe.1

to a thickness of 4 x 10 3 cm, ani a transparent gold flim about

70 ,A thick was evaporated on one surface and a thicker film

(about l09 ~A) deposited on the other. Teflon-coated silver

wires (about 40 Ga) were attached to the electrodes using silver

paste, Figure 14 shows preliminary measurements of the pvro-

electric current as a function of the dc electric field applied to

the sample. Further m.?asurem~nts will be necessary before a

detailed comparison of pyroelectric and ER hysteresis loops will be

possible, but it is interesting to note at this stag, that the

coercive field of the pyroelectric loop agrees well with the extra-

polation of the ER results to zero modulation field. Wc should point

out , however, that the pyroelectric loop does not appear to be sat urated

at fields of + 8 kV/cm, and limitations of our present apparatus prevent

us from applying larger dc fields. A simple modification of the detectiol

electronics, to be completed shortly, will el iminate this difficulty.

An attempt was made to measure directly the current pulse produced

7by the polarization reversal, but the long switching time in these

ceramics makes it impossible to obtain a well-defined switching puls,

2.g'- ny' 22"' ,M~
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of suffic unt amplitude to mneasurv accurately, It would seem that

in this sit"stlon the ER and pyroulectri c mithodN, which miatuitre

the sample polaritation directly, hav, a significant aJvantage ovor

techniques such as switching current meisuren.nts which respond nnlv

to the timw rate of change of polarization,

5. Conclusions

We have measured electroreflectance (ER) in thte vicinit\( of the,

fundamental gap (wavelength aTproxhnatelv 310 nm) of PVT ceramics

having compositions near the morphotropic phase boun-larv. Our re-

sults consti' ute the first observation of hysteresi:; in these

materials by optical means. St:udies aimd at establishing th,

validity of the technique have shown that the ER signal follows the

sample polarization and that a reliable value of the verv-low-

frequency coercive field can be obtained from ER measurem.;nts,

Efforts were begun to exploit the new technique in obtaining informa-

tion on the hysteresis and switching behavior of these ceramics, ani

three major findings can be reported at this time, First, the ER

hysteresis loops of poled PZT ceramics bccom. increasingly as\mmetric

with time after poling, probably as a result of space charge effects
6

similar to those reported in PLZT ceramics. The time dependence of

this phenomenon is now under study. Secon.i, the switching (po ari;a-

tion reversal) of these ceramics heco'es similar \' asvmmetri after

poling and aging. Substantially longer switching times were found

for switching the polarization awav from the originail poling direction

than for switching toward that direction. Finallv, the polarization

change produced by small switching fields (one-half or 1es. of the ver-

low-frequency coercive field) was found to nave a logarithmic tim'

l
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dependence similar to that reported for the aging of dielectric

and piezoelectric properties. This observation may prove quite

important in the development of badly needed theoretical models

for switching and aging. Unsuccessful attempts to observe

switching in these ceramics by conventional methods clearly

demonstrate the value of the ER technique, without which these

studies could not have been performed.

6.
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Figure captions

Fig. 1. Block diagram of experimental arrangement used for electro-

reflectance measurements.

Fig. 2. Typical electroreflectance spectrum of 52/48 PZT at T = 3009

with 3 kV/cm ac modulation and 8 kV/cm dc field.

Fig. 3. Electroreflectance peak intensity in 52/48 PZT (using an ac

modulation of 3 kV/cm at 530 Hz) as a function of the applied

dc field as the sample is taken aroun- the hysteresis loip.

Fig. 4. Polarization reversal as determined by the electroreflectance

signal measured at T = 300 K for 52/48 PZT ceramic sample3;

(A) poled by - 8 kV/cm for 30 min. and then instantaneouslv

switched to + 8 kV/cm.

(B) same as (A), but from + 8kV/cm to - 8 kV/cm.

Fig. 5. Polarization reversal characteristic of 52/48 PZT samples

measured at T = 300 K after poling under various conlitionq:

(1) same as Fig. 4 - (B).

(2) poled by + 3 kV/cm for 30 min. an] decreased to zor,

field slowly during during for several minutes, an!

then switched to - 8 kV/cm.

(3) sam as (2), but switched to - 4 kV/cm.

Fig. 6. Sam? as Fig. 5 but plotted as AR vs log t (t in ;econtI,.
R

Fig. 7. Hysteresis in electroreflectance of 56/44 17.1' (rhmloi.i.i1

phase) wi th 2 kV/cm ac moul at ion.

Fig. 8. Sam-! as (7) but with 4 kV/cm ac molulation.

Fig. 9. Same as (7) but with 0 kV/cm ac modulation.

Fig. 10. Same as (7) but with 8 kV/cm 3C mo,0:,at iton.
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Fig. II. Same as (7) but with 10 kV/cm ac modulation.

Fig. 12. Dependence of the maximum (saturated) electroreflectance

signal on the amplitude of the ac modulation field (derived

from Figs. 7-l1).

Fig. 13. Dependence of the averaged coercive field (one-half the

width of the electroreflectance hysteresis loop) on the

amplitude of the ac modulation field (derived from Figs. 7-11).

Fig. 14. Hysteresis in pyroelectric current in 52/48 PZT ceramic.
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IV, r-yar and Concsion

Elctrotransmission and electroreflectance measurements were

performod on lanthinum-doped lead zirconate/lead titanate (PLZT)

coramig. The results show that it is possible, using these techniques,

to follow t e growth of the polarization with time during pnlinA anl

Ita reversal during low-field s'.utching, Oscillations observed in the

electroreflectance spectra are interpreted in terms of space charae

effects, AnM the analysis vields an upper bound for the remanent p.1ari-

zation which is in good agreement with the result of a dielectric

hv&teresis measurement

Application of the technique of surface barrier electrore-

flectance to opeque, insulating PZT ceramics is reported. The

results constitute the first observation of hysteresis in these

materials by optical means and demonstrate the potential value

of this method in studies of the switching and aging of ceramics.

Asymmetric hysteresis and switching behavior is described, which

is apparently related to the growth of space charge fie'.ds

during aging. The time dependence of the polarization during

low-field switching is shown to resemble closely that of the

dielectric and piezoelectric properties during aging.
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